The Dot/Icm-translocated ankyrin B (AnkB) effector of Legionella pneumophila exhibits molecular mimicry of eukaryotic F-box proteins and is essential for intracellular replication in macrophages and protozoa. In addition to two eukaryotic-like ankyrin (ANK) domains, AnkB harbors a conserved eukaryotic F-box domain, which is involved in polyubiquitination of proteins throughout the eukaryotic kingdom. We have recently shown that the F-box domain of the AnkB effector is essential for decoration of the Legionella-containing vacuole (LCV) with polyubiquitinated proteins within macrophages and protozoan hosts. To decipher the role of the two ANK domains in the function of AnkB, we have constructed in-frame deletion of either or both of the ANK domain-encoding regions (ankB⌬A1, ankB⌬A2, and ankB⌬A1A2) to trans-complement the ankB null mutant. Deletion of the ANK domains results in defects in intracellular proliferation and decoration of the LCV with polyubiquitinated proteins. Export of the truncated variants of AnkB was reduced, and this may account for the observed defects. However, while full-length AnkB ectopically expressed in mammalian cells trans-rescues the ankB null mutant for intracellular proliferation, ectopic expression of AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 fails to trans-rescue the ankB null mutant. Importantly, ectopically expressed full-length AnkB is targeted to the host cell plasma membrane, where it recruits polyubiquitinated proteins. In contrast, AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 are diffusely distributed throughout the cytosol and fail to recruit polyubiquitinated proteins. We conclude that the two eukaryotic-like ANK domains of AnkB are essential for intracellular proliferation, for targeting AnkB to the host membranes, and for decoration of the LCV with polyubiquitinated proteins.
becomes disrupted, followed by bacterial escape into the cytosol, where the last few rounds of proliferation occur (27) . During this late transient residence of the bacteria in the cytosol, various virulence-related regulatory cascades triggered at the post-exponential phase are activated (30) , resulting in phenotypic modulation and lysis of the host cell (29) . Expression of all the ankyrin genes of L. pneumophila is temporally and spatially induced at the post-exponential phase (3) .
Among Ͼ200 Dot/Icm-exported effectors, very few play a detectable role in intracellular proliferation of L. pneumophila, but the role of most of these effectors in the intracellular infection is not yet known. This may be due to the high level of redundancy among the effectors that likely allows L. pneumophila to exploit conserved cellular processes in different hosts in the environment (21) .
The similarities in the intracellular life cycles of L. pneumophila within protozoan and mammalian cells at the molecular and cellular levels suggest that coevolution of this bacterium with protozoa has enabled it to acquire mechanisms to exploit conserved eukaryotic processes that facilitate its pathoadaptation to infect mammalian cells (14, 17, 28) . Bioinformatic analyses of four L. pneumophila genomes have revealed the presence of many eukaryotic-like genes, such as ankyrin-encoding (ank) genes (5, 6, 10) , which have been suggested to be acquired through horizontal gene transfer or by convergent evolution (5) . Ankyrin proteins are eukaryotic proteins with a tandem 33-residue ankyrin (ANK) repeat involved in various eukaryotic protein-protein interactions, a repeat which is the most common protein domain in the eukaryotic kingdom (5) . The eukaryotic ANK repeats have been recently found in various microbial pathogens, such as Anaplasma phagocytophilum, Coxiella burnetii, and L. pneumophila (4, 5, 15, 20, 33, 34) .
Eleven ank genes have been recently characterized in L. pneumophila strain AA100/130b (3-5, 15, 16, 37) . Among the 11 ank mutants, the ankB, ankJ, and ankH mutants exhibit defects in intracellular proliferation within amoebae, ciliated protozoa, and human macrophages, as well as a defect in vivo in intrapulmonary proliferation in the mouse model (4, 5, 15, 16, 37) . All the ankyrin proteins of L. pneumophila are translocated into the host cell via the Dot/Icm type IV secretion system (4, 9, 15, 16, 21) .
In addition to the two eukaryotic-like ANK domains, AnkB harbors an F-box eukaryotic domain (3-5, 15, 37) , which is involved in ubiquitination of eukaryotic proteins (23, 36) . Ubiquitination of proteins is an ancient and highly conserved eukaryotic posttranslational modification process that covalently links a 76-residue ubiquitin polypeptide to a specific protein to target it for proteasomal degradation or to modulate its function in a wide range of important cellular processes such as signaling, endocytosis, cell cycle regulation, and vesicular trafficking (23) . A major group of ubiquitin ligases is the SCF1 (RBX1-CUL1-SKP1) trimolecular complex that binds the F-box domain (39) , which is a highly conserved process throughout the eukaryotic kingdom, including yeasts and the social amoeba Dictyostelium discoideum (25, 38) . The F-box family of human proteins also typically have leucine-rich repeat (LRR) or WD protein-protein interaction domains, which bind substrates and link them to the SCF1 ubiquitin ligase complex that is bound to the F-box domain (24, 42) . However, the ANK domain has never been found in eukaryotic F-box proteins (23, 36) , indicating a novel structure of the AnkB F-box protein compared to eukaryotic F-box proteins.
Most work examining ubiquitination and the SCF1 complex in amoebae has been performed in D. discoideum (12, 13, 26) , which is also an established model system for infection of amoebae by L. pneumophila (43) . Each of the major components of the yeast and mammalian SCF1 ubiquitin ligase complex has been identified in D. discoideum, appears to function in a manner identical to those in yeast and mammalian cells, and represents a key pathway for posttranslational modification of proteins (7, 12, 25, 26, 38, 44, 47) . Protein ubiquitination has been also characterized in the ciliate Tetrahymena and Acanthamoeba (19, 32) , and both are permissive protozoan hosts for L. pneumophila (14) .
Many intracellular bacterial pathogens have been shown to exploit or intercept the host polyubiquitination machinery (45) . The LCV is decorated with polyubiquitinated proteins (11) , and the Dot/Icm-translocated AnkB effector is essential for this process (37) . Importantly, the F-box domain and its conserved residues are essential for interaction of AnkB with the host Skp1 component of the SCF1 ubiquitin ligase and are essential for decoration of the LCV with polyubiquitinated proteins with macrophages, Acanthamoeba, and D. discoideum (37) .
While most eukaryotic F-box proteins harbor WD or LRR substrate binding domains in addition to the F-box domain, AnkB is a noncanonical F-box protein, as it harbors two ANK domains. It is not known whether the two ANK domains of AnkB of L. pneumophila are required for the function of AnkB. Here we show that the two eukaryotic-like ANK domains of AnkB are essential for intracellular proliferation, for targeting AnkB to the host membranes, and for decoration of the LCV with polyubiquitinated proteins.
MATERIALS AND METHODS
Bacterial strains, cell cultures, and infections. L. pneumophila serogroup I parental strain AA100/130b (ATCC BAA-74) and the dotA, ankB, and complemented ankB mutants were grown as described previously (4) . Escherichia coli strain DH5␣ was used for cloning purposes. Maintenance of the macrophage-like U937 cells was carried out as we previously described (15) . HEK293 cell cultures were maintained as previously described (37) .
For intracellular proliferation studies, infections of macrophages and Acanthamoeba polyphaga were performed as described previously (4, 15) . Briefly, cells were infected at a multiplicity of infection (MOI) of 10 for 1 h followed by treatment with 50 g/ml gentamicin for 1 h to kill extracellular bacteria, and this was considered the zero time point (T 0 ). At each time point, the cells were lysed and plated on agar plates.
For single cell analysis studies, HEK293 cells were seeded onto glass coverslips in 24-well plates and transfected with plasmid DNA as described below. Transiently transfected HEK293 cells were then infected with stationary-phase wildtype (WT) and ankB mutant bacteria at an MOI of 10 for 1 h. Monolayers were then treated with 50 g/ml gentamicin for 1 h to kill extracellular bacteria. At 2 h and 12 h postinfection, cells were fixed and permeabilized using methanol at Ϫ20°C and prepared for confocal microscopy as described below.
DNA manipulations. DNA manipulations and restriction enzyme digestions were performed using standard procedures. Restriction enzymes and T4 DNA ligase were purchased from NEB (Madison, WI). To generate domain mutant alleles of ankB, an inverse PCR strategy was employed using pBCSKϩ harboring the ankB gene as a template. Briefly, phosphorylated primers (Table 1) were designed to hybridize adjacent to DNA encoding the ANK domains and then the entire plasmid minus the domain of interest was PCR amplified using Phusion DNA polymerase (Finnzymes Oy, Finland). The resulting PCR product was then treated with DpnI restriction to remove residual template DNA from the reaction mixture and then allowed to religate using T4 DNA ligase. The ligation products were transformed into E. coli DH5␣. DNA sequencing was used to confirm deletion of the ANK domains in ankB and to ensure the integrity of the ankB reading frame. Recombinant plasmids were then electroporated into the L. pneumophila ankB mutant.
The various pBCSKϩ vectors harboring the mutant ankB alleles were used as templates to generate CYA fusions. Primers listed in Table 1 were used to PCR amplify the mutant ankB alleles, and the resulting PCR products were cloned into pCR2.1 via topoisomerization as described by the manufacturer (Invitrogen, Carlsbad, CA). The mutant ankB alleles were then subcloned into the BamHIPstI sites of pCYA-ralF (31) , resulting in replacement of the ralF gene with ankB alleles in frame with cya. Recombinant plasmids were electroporated into the wild-type strain AA100.
The various pBCSKϩ vectors harboring the mutant ankB alleles were used as templates to generate 3ϫFlag fusions in plasmid p3X-flag CMV-10 as described previously (37) . Primers used are listed in Table 1 .
Production of rabbit anti-AnkB antiserum. To generate anti-AnkB antiserum, we generated recombinant 6ϫHis-AnkB⌬F-box protein from E. coli and used this protein to immunize rabbits. Briefly, we cloned the ankB⌬fbox gene into plasmid pET200 (Invitrogen, Carlsbad, CA). This plasmid was introduced into E. coli BL21 Star, and protein expression was induced by the addition of 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) to mid-log-phase cultures. Induc- Translocation of AnkB into macrophages. For adenylate cyclase fusion assays, monolayers were infected with L. pneumophila at an MOI of 50 for 1 h at 37°C. Monolayers were washed extensively to remove extracellular bacteria and subsequently lysed in 200 l of 0.1 M HCl plus 0.5% (vol/vol) Triton X-100. Cell lysates were processed following directions of the direct cyclic AMP enzyme immunoassay kit (Assay Designs), as we described previously (4) . To confirm expression of CYA fusion proteins, bacterial lysates equivalent to 1 ϫ 10 8 bacteria were electrophoresed on sodium dodecyl sulfate (SDS)-polyacrylamide gels and immunoblotted to nitrocellulose membranes by standard techniques. CYA fusions were detected using an anti-M45 antibody. To ensure equal loading among wells, the membranes were reprobed with anti-chloramphenicol acetyltransferase (anti-CAT) antibody as described previously (4).
Ectopic expression and distribution of AnkB in mammalian cells. The human renal epithelial HEK293 cells were grown on circular glass coverslips (Fisher Scientific, Pittsburgh, PA) pretreated with 0.1 mg/ml of poly-L-lysine in 24-well culture plates at a concentration of 5 ϫ 10 4 cells/ml overnight. The subconfluent cultures of HEK293 were transiently transfected with 2 g of purified plasmid DNA for 24 h using Fugene HD reagent (Roche, Mannheim, Germany) as described previously (37) . The transfected cells were used for infection as described above.
Confocal laser scanning microscopy. Processing of infected cells for confocal microscopy was performed as described previously (15, 37) . Polyclonal rabbit anti-L. pneumophila antiserum was detected with Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1/1,000 dilution) (Invitrogen, Carlsbad, CA). Polyubiquitinated proteins were detected using anti-polyubiquitin FK1 antibody (1/50 dilution; Biomol International/Affiniti, Exeter, United Kingdom), followed by Alexa Fluor 555-conjugated goat anti-mouse IgM (Invitrogen, Carlsbad, CA). 3ϫFlag-tagged proteins were detected using mouse anti-Flag M2 antibody (1/200 dilution; Sigma, St. Louis, MO), followed by Alexa Fluor 488-or 555-conjugated anti-mouse IgG antibody (Invitrogen, Carlsbad, CA). The cells were examined using an Olympus FV1000 laser scanning confocal microscope as we described previously (37) . On average, 8 to 15 0.2-m serial Z sections of each image were captured and stored for further analyses, using Adobe Photoshop CS3.
RESULTS

Contribution of the ANK domains of AnkB to intracellular proliferation.
The ankB null mutant is impaired for intracellular replication in human macrophages and protozoa and for intrapulmonary proliferation in the mouse model (4, 5, 37) . To determine if the two ANK eukaryotic-like domains of AnkB are crucial for the function of this effector in intracellular proliferation, we engineered mutant alleles of ankB with inframe deletions of either or both of the two ANK domains (ankB⌬A1, ankB⌬A2, and ankB⌬A1A2) (Fig. 1) . Immunoblot analyses showed no detectable differences in the expression of the AnkB variants in L. pneumophila (Fig. 1D ). We performed infections of human U937 macrophages with the wild-type strain AA100, the dotA mutant, the ankB mutant, or the ankB mutant harboring the WT ankB allele or one of the mutant alleles (ankB⌬A1, ankB⌬A2, or ankB⌬A1A2). The infection was performed for 1 h using an MOI of 10, followed by 1 h of treatment with gentamicin to kill extracellular bacteria. At several time points after infection, the CFU were determined following growth on agar plates. Compared to the wild-type strain, the ankB mutant had a significant defect in intracellular growth (Fig. 1A) . Complementation of the ankB mutant strain with a full-length ankB gene restored the intracellular growth defect. In contrast, complementation of the ankB mutant with the ankB⌬A1 or ankB⌬A2 allele resulted in a partial restoration of robust intracellular growth (Fig. 1A) . However, complementation of the ankB mutant with the ankB⌬A1A2 allele completely failed to restore intracellular growth, with CFU recovered at 24 and 48 h being similar to those of the ankB null mutant (Fig. 1A) . As expected, a dotA mutant control failed to replicate intracellularly (Fig. 1A) .
To confirm the above results, we performed single cell analysis by confocal microscopy to score the formation of replicative vacuoles (Fig. 1) . At 2 h after infection, approximately 95% of the cells infected with the different strains harbored a single organism (data not shown). After 10 h of infection, approximately 90% of the cells harboring the wild-type strain contained 6 to 15 bacteria (Fig. 1B and C) . In contrast, the ankB mutant showed no detectable replication at 10 h, similarly to the dotA or htrA mutant (2, 35) controls (Fig. 1B and C and data not shown). In cells harboring the ankB mutant complemented with the ankB⌬A1, ankB⌬A2, or ankB⌬A1A2 allele, only 1 or 2 bacteria/cell were detected at 10 h in 80 to 90% of the infected cells (Fig. 1B and C) . These results confirmed the growth kinetics data for the essential role of the two ANK domains in intracellular proliferation.
trans-rescue of the ankB mutant within cells harboring the wild-type strain. The dot/icm mutants are rescued for their intracellular defect within cells harboring the wild-type strain of L. pneumophila (8) . However, L. pneumophila mutants defective in intracellular replication due to a defect in stress response genes (such as htrA or rpoS) are not rescued within cells harboring the wild-type strain (2, 35) . To examine the role of the ANK domains in rescue of the ankB mutant, we utilized the ankB mutant harboring the ankB⌬A1, ankB⌬A2, or ankB⌬A1A2 alleles in a series of coinfection experiments. Monolayers were coinfected with the wild-type (WT) strain and the ankB mutant strains to determine whether the mutant replicated in cells coinfected with the wild-type strain. Coinfections with wild-type L. pneumophila and the isogenic dotA or htrA mutant were used as positive and negative controls, respectively. In all coinfections, only ϳ5% of the cells were coinfected with the wild-type strain. Single cell analyses at 10 h postinfection showed that when the ankB mutant resided in cells harboring the wild-type strain, the ankB mutant replicated robustly ( Fig. 2 and data not shown) . The ankB mutant harboring any of the in-frame ANK domain deletion alleles was also rescued for intracellular proliferation when it coinhabited cells with the wild-type strain. Infection by any of the mutants alone showed that there was no detectable replication at 12 h (data not shown). In control coinfections of L. pneumophila and the isogenic dotA or htrA mutant, replication of the dotA but not the htrA mutant was rescued in cells containing the wild-type strain (Fig. 2) . Our data show that the wild-type strain can rescue the in-frame ANK domain deletion mutants of AnkB for robust intracellular growth. We conclude that the loss of the two ANK domains of the Dot/Icm-translocated AnkB effector can be complemented in trans by the WT strain expressing the full-length AnkB.
The role of the ANK domains of AnkB in acquisition of polyubiquitinated proteins within human macrophages and A. polyphaga. The F-box domain of AnkB is essential for decoration of the LCV with polyubiquitinated proteins with macrophages, Acanthamoeba, and D. discoideum (37) . While most eukaryotic F-box proteins harbor WD or LRR substrate binding domains, in addition to the F-box domain, AnkB is con- sidered a noncanonical F-box protein, as it harbors two ANK domains. It is not known whether the two ANK domains of AnkB are functional domains required for decoration of the LCV with polyubiquitinated proteins. Therefore, we analyzed the role of the two eukaryotic-like ANK domains of AnkB in acquisition of polyubiquitinated proteins by the LCV. Macrophages were infected as described above by the wild-type strain, the dotA or ankB mutant, or the ankB mutant harboring plasmids containing the WT ankB or one of the mutant ankB alleles and analyzed by confocal microscopy for acquisition of polyubiquitinated proteins by the LCV at 2 h postinfection. The data showed that within macrophages, ϳ85% of the LCVs harboring the wild-type strain or the ankB mutant complemented with the WT ankB acquired polyubiquitinated proteins (Fig. 3 and data not shown) . In contrast, LCVs harboring the ankB mutant complemented with the ankB⌬A1, ankB⌬A2, or ankB⌬A1A2 allele failed to be decorated with polyubiquitinated proteins, similarly to the ankB null mutant or the dotA mutant control (22% Ϯ 3% colocalization) (Fig. 3 and data not shown) .
Since the F-box domain of AnkB is essential for decorating the LCV with polyubiquitinated proteins within A. polyphaga, we utilized the eukaryotic domain deletion alleles (ankB⌬A1, ankB⌬A2, and ankB⌬A1A2) to determine whether the two confocal microscopy for formation of replicative phagosomes, and representative images are shown in panel B. L. pneumophila was stained by a polyclonal anti-L. pneumophila antibody and Alexa Fluor 555-conjugated anti-rabbit IgG (red). Quantification of the number of bacteria/cell at 10 h is shown in panel C. The dotA mutant was used as a negative control. Infected cells from multiple coverslips were examined in each experiment. The results are representative of three independent experiments performed in triplicate. Error bars represent standard deviations. (D) Immunoblot analysis shows no detectable differences in the expression levels of the AnkB variants in L. pneumophila. Total bacterial proteins equivalent to 1 ϫ 10 8 bacteria were loaded onto SDS-polyacrylamide gels and immunoblotted using an anti-AnkB rabbit antiserum (1:60,000 dilution).
FIG. 2. L. pneumophila bacteria expressing mutant alleles of AnkB
are rescued within cells harboring the wild-type bacteria. Coinfections were performed using the wild-type L. pneumophila strain AA100 and the ankB mutant or using the ankB mutant harboring one of the mutant alleles ankB⌬A1, ankB⌬A2, and ankB⌬A1A2. Infected U937 cells were gentamicin treated, washed, and fixed at 10 h after infection. Bacterial phagosomes were scored for all infected cells in randomly selected fields by confocal microscopy. Cells harboring phagosomes containing both strains (WT-GFP [green fluorescent protein] and a mutant) were scored. The htrA mutant was used as a negative control while the dotA mutant was used as a positive control. ANK domains also played a role in acquisition of polyubiquitinated proteins by the LCV within A. polyphaga. The data showed that within A. polyphaga, most of the LCVs (ϳ88%) harboring the wild-type strain or the ankB mutant complemented with the wild-type ankB allele were decorated with polyubiquitinated proteins (Fig. 4 and data not shown). In contrast, the LCVs harboring the ankB mutant complemented with the ankB⌬A1, ankB⌬A2, or ankB⌬A1A2 allele were defective in acquisition of polyubiquitinated proteins, similarly to the ankB mutant (Fig. 4) . Therefore, deletion of either of the two ANK domains of AnkB results in failure to decorate the LCV by polyubiquitinated proteins within mammalian and protozoan cells. Translocation of the AnkB variants into the host cell. Dot/ Icm-mediated translocation of AnkB into the host cell is essential for its crucial role in intracellular proliferation and for decoration of the LCV with polyubiquitinated proteins (4, 37) . We examined whether inability of the AnkB deletion mutants (ankB⌬A1, ankB⌬A2, or ankB⌬A1A2) to proliferate intracellularly and to recruit polyubiquitinated proteins to the LCV was due to failure of the Dot/Icm system to translocate these AnkB variants. We utilized the calmodulin-dependent adenylate cyclase-AnkB (CyaA-AnkB) fusion assay as a reporter system to assess translocation of the truncated AnkB variants. The data showed that there was less than a 2-fold reduction in translocation of the truncated AnkB⌬A2 variant compared to the full-length AnkB while a ϳ3-fold reduction in translocation was exhibited by the AnkB⌬A1 and AnkB⌬A1A2 truncated variants (Fig. 5A and data not shown) . To ensure that this was not due to reduced expression or stability of the truncated proteins, Western blots of bacterial cell lysates were analyzed and showed equivalent expression levels of the CyaAnkB fusions among all the tested strains (Fig. 5A) . Thus, the defect in polyubiquitination and intracellular proliferation exhibited due to the loss of the ANK domains is not due to reduced expression or stability of the AnkB variant proteins. However, we cannot exclude the possibility that the observed reduction in translocation of the truncated variants of AnkB, compared to the WT AnkB, may account for the defect in recruitment of polyubiquitinated proteins to the LCV and for the defect in intracellular proliferation (Fig. 5A and data not  shown) .
The role of the ANK domains in distribution of AnkB in mammalian cells. Although AnkB is clearly translocated into the host cell by the Dot/Icm system, we have been unable to detect AnkB during infections using AnkB-specific antibodies (4, 37) . When ectopically expressed in HEK293 cells, the 3ϫFlag AnkB exhibits a striking localization to the host cell plasma membrane (37) . Interestingly, similarly to the direct role of AnkB in decorating the LCV with polyubiquitinated proteins, ectopically expressed 3ϫFlag AnkB is localized to the host cell plasma membrane, where it recruits high levels of polyubiquitinated proteins. Interestingly, targeting of AnkB to the host cell membrane is essential for its function in recruitment of polyubiquitinated proteins (37) . To examine whether the ANK domains were essential for targeting of AnkB to the host cell membrane, we determined localization of the 3ϫFlag AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 truncated variants during ectopic expression in HEK293 cells. 3ϫFlag-tagged bacterial acid phosphatase (BAP) was used as a control. Transient transfection of HEK293 cells with a plasmid encoding 3ϫFlag AnkB revealed localization of AnkB to the plasma membrane (Fig. 6) , as expected (37) . In contrast, the AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 truncated variants exhibited uniform distribution throughout the cytosol, similarly to the BAP control (Fig. 6 ). These data show that each of the two ANK domains of AnkB plays key roles in the peripheral localization of 3ϫFlag AnkB to the host cell plasma membrane.
Next, we examined whether failure of the AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 truncated variants to be targeted to the plasma membrane was associated with a defect in recruitment of polyubiquitinated proteins to the plasma membrane. Transfected cells were labeled with antipolyubiquitin and examined by confocal microscopy. Our data showed that while the WT AnkB recruited high levels of polyubiquitinated proteins to the plasma membrane, the AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 truncated variants were defective in this process, similar to the BAP control (Fig. 7) . This is consistent with failure to target the truncated AnkB variants to the plasma membrane (Fig. 6) . We conclude that the two ANK domains are involved in targeting AnkB to host membranes and for the recruitment of polyubiquitinated proteins.
Ectopic expression of AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 in mammalian cells fails to trans-rescue the growth defect of the ankB mutant. Our data above showed that the ankB⌬A1, ankB⌬A2, or ankB⌬A1A2 alleles failed to complement the ankB mutant for intracellular replication and recruitment of polyubiquitinated proteins to the LCV. However, translocation of the AnkB⌬A1, AnkB⌬A2, and AnkB⌬A1A2 truncated variants of AnkB was reduced compared to the WT AnkB. The reduced translocation of the AnkB variants might account for the reduced intracellular growth and recruitment of polyubiquitinated proteins observed for the ankB mutants complemented with the ankB⌬A1, ankB⌬A2, or ankB⌬A1A2 alleles. We have shown that ectopic expression of 3ϫFlag AnkB in HEK293 cells is sufficient to restore intracellular growth to the ankB mutant bacteria, similarly to the WT strain (37) . To overcome the caveat of reduced translocation of the AnkB⌬A1, AnkB⌬A2 and AnkB⌬A1A2 variants in determining the functional role of the ANK domains, we examined the ability of the truncated proteins to trans-rescue the growth defect of the ankB mutant when they are ectopically expressed in HEK293 cells. Therefore, (Fig. 8A and B) . In contrast, ectopically expressed 3ϫFlag AnkB restored intracellular growth to the ankB mutant at 12 h postinfection, similarly to the wild-type bacteria in transfected or nontransfected cells. Importantly, the ankB mutant failed to replicate in cells expressing 3ϫFlag AnkB⌬A1, AnkB⌬A2, or AnkB⌬A1A2 ( Fig. 8A and  B ). This indicated that even when the AnkB⌬A1, AnkB⌬A2, or AnkB⌬A1A2 proteins were supplied in trans, to overcome their reduced translocation, they did not restore intracellular replication to the ankB mutant. We conclude that the two ANK domains of AnkB are essential for intracellular proliferation of L. pneumophila in the host cell.
DISCUSSION
Among ϳ200 Dot/Icm-exported effectors of L. pneumophila, very few have been shown to play a major role in intracellular proliferation within both protozoan and mammalian cells (4, 15, 21, 37) . In contrast, AnkB plays a major role in the intracellular infection of both protozoan hosts and mammalian cells and is essential in vivo for intrapulmonary proliferation in the mouse model of Legionnaires' disease (4, 37). We have shown that the F-box domain of AnkB is essential for intracellular proliferation and for decoration of the LCV with polyubiquitinated proteins within mammalian and protozoan cells (37) , which indicates that the host targets of AnkB are relatively conserved in mammalian and protozoan cells. Since the polyubiquitination machinery is highly conserved through evolution (12, 13, 26) , it may not be surprising that the F-box domain exploits the polyubiquitination machinery within evolutionarily distant hosts. Exploitation of the polyubiquitination machinery is the first example of manipulation of conserved eukaryotic processes by L. pneumophila within mammalian and protozoan cells.
Deletion of either of the two ANK domains abolishes recruitment of polyubiquitinated proteins to the LCV within macrophages and amoebae. In addition, deletion of either of the two ANK domains fails to complement the ankB null mutant for its defect in intracellular replication. However, deletion of either or both of the ANK domains results in a decrease in export of the truncated proteins by the Dot/Icm system. The decrease in translocation may be due to improper folding of the protein to be presented for passage through the Dot/Icm channel, or the ANK domains may have specific translocation signals that aid in export of AnkB through the Dot/Icm system. It is difficult at this stage to determine the biological and biochemical threshold of export of AnkB essential for recruitment of polyubiquitinated proteins to the LCV. Therefore, it is not known whether the reduced translocation might have a drastic functional effect. Our data exclude the possibility that the reduced translocation of the truncated variants of AnkB is responsible for the functional defect, and this is based on several lines of evidence. First, ectopic expression of the AnkB⌬A1, AnkB⌬A2, or AnkB⌬A1A2 truncated variants in mammalian cells results in failure to target the truncated variant proteins to the host plasma membrane, while the full-length AnkB is mainly targeted to the plasma membrane. Second, while ectopically expressed full-length AnkB recruits polyubiquitinated proteins to the plasma membrane, the AnkB⌬A1, AnkB⌬A2, or AnkB⌬A1A2 truncated variants fail to exhibit the same process. Third, ectopic expression of the WT AnkB trans-rescues the ankB mutant for its defect in intracellular proliferation while the AnkB⌬A1, AnkB⌬A2 or AnkB⌬A1A2 truncated variants fail to trans-rescue the ankB null mutant for its defect in intracellular proliferation. Taken together, we conclude that the two ANK domains of AnkB are essential for its function in decoration of the LCV with polyubiquitinated proteins and for intracellular proliferation.
Although most F-box proteins typically have an LRR or WD protein-protein interaction domain, the ANK protein-protein interaction domains have never been found in eukaryotic Fbox proteins (23, 24, 36, 42) . This indicates a noncanonical structure for the AnkB F-box protein compared to eukaryotic F-box proteins. While the F-box domain of AnkB is essential for interaction with the host Skp1 component of the SCF1 ubiquitin ligase, the two ANK domains are likely involved in binding to substrates targeted for polyubiquitination and linking them to the SCF1 ubiquitin ligase complex bound to the F-box domain to trigger their polyubiquitination. Since AnkB is targeted to host membranes, it is more likely that some of the targets of AnkB are localized to or associated with host cell membranes. It is likely that some of the substrates targeted by AnkB are highly conserved in mammalian and protozoan cells, since the two ANK domains are essential for the function of AnkB in both hosts. The identity of the substrates that bind the two ANK domains in mammalian and protozoan cells is one of our major future directions.
In summary, we have characterized an essential role for the two ANK domains of the F-box effector AnkB of L. pneumophila. Both ANK domains are essential for the function of AnkB to be targeted to membranes, to recruit polyubiquitinated proteins, and to enable intracellular bacterial proliferation. The two ANK domains are most likely involved in binding the substrates and linking them to the SCF complex bound to the F-box domain to trigger their polyubiquitination. Since the two ANK domains of AnkB are essential for decoration of the LCV by polyubiquitinated proteins within mammalian and protozoan cells, we predict that the two ANK domains bind evolutionarily conserved eukaryotic substrates. Deciphering the mammalian and protozoan substrates targeted by AnkB will facilitate our understanding of pathogenic evolution of L. pneumophila from a protozoan-interacting bacterium into a mammalian pathogen.
